Glycogen is a complex glucose polymer found in a variety of tissues, including brain, where it is localized primarily in astrocytes. The small quantity found in brain compared to e.g., liver has led to the understanding that brain glycogen is merely used during hypoglycemia or ischemia. In this review evidence is brought forward highlighting what has been an emerging understanding in brain energy metabolism: that glycogen is more than just a convenient way to store energy for use in emergencies-it is a highly dynamic molecule with versatile implications in brain function, i.e., synaptic activity and memory formation. In line with the great spatiotemporal complexity of the brain and thereof derived focus on the basis for ensuring the availability of the right amount of energy at the right time and place, we here encourage a closer look into the molecular and subcellular mechanisms underlying glycogen metabolism. Based on (1) the compartmentation of the interconnected second messenger pathways controlling glycogen metabolism (calcium and cAMP), (2) alterations in the subcellular location of glycogen-associated enzymes and proteins induced by the metabolic status and (3) a sequential component in the intermolecular mechanisms of glycogen metabolism, we suggest that glycogen metabolism in astrocytes is compartmentalized at the subcellular level. As a consequence, the meaning and importance of conventional terms used to describe glycogen metabolism (e.g., turnover) is challenged. Overall, this review represents an overview of contemporary knowledge about brain glycogen and its metabolism and function. However, it also has a sharp focus on what we do not know, which is perhaps even more important for the future quest of uncovering the roles of glycogen in brain physiology and pathology.
INTRODUCTION
Glycogen, a glucose polymer consisting of many thousands of glucose units connected by a mixture of α1-4 and α1-6 glycosidic bonds, is normally considered to function as a glucose store. Certainly, in the liver, which contains a very large amount of glycogen (approx. 100-500 μmol/g), its function as a glucose reservoir securing a constant blood glucose level under a variety of conditions is well recognized. In the brain, however, the glycogen content is limited averaging 3-12 μmol/g tissue and its role as an energy source during aglycemia is restricted to a few minutes and hence, it is unlikely that the major functional role of glycogen would be accounted for as an energy source during such conditions (Brown, 2004) . It is much more likely that glycogen serves a dynamic role during normal brain function and recent studies have provided evidence that this may indeed be the case (Brown et al., 2005; Gibbs et al., 2006; Schousboe et al., 2007 Schousboe et al., , 2010 Dienel et al., 2007; Sickmann et al., 2009 Sickmann et al., , 2012 Walls et al., 2009; Suzuki et al., 2011) . In addition to the fact that brain glycogen is found predominantly in astrocytes (Cataldo and Broadwell, 1986) , it has been shown that the content of glycogen is closely correlated to astrocytic differentiation since the highest amount was found in well differentiated cells expressing other astrocytic markers such as S100β and GFAP (Brunet et al., 2010) .
GLYCOGEN METABOLISM, THE GLYCOGEN SHUNT AND GLYCOGEN TURNOVER
Glycogen synthesis requires formation of UDP-glucose from glucose-1-phosphate and UTP catalyzed by UDP-glucose pyrophosphorylase, followed by formation of a new α1-4 glycoside linkage catalyzed by glycogen synthase (GS). Formation of α1-6 glycoside bonds, and thereby branching, is catalyzed by the branching enzyme. The degradation of glycogen leading to formation of glucose-1-phosphate is catalyzed by the concerted actions of glycogen phosphorylase (GP) and debranching enzyme. The enzyme phosphoglucomutase ensures a rapid equilibrium between glucose-1-phosphate and the glycolytic intermediate glucose-6-phosphate. The overall sum of these reactions is a conversion of glucose to glycogen via glucose-6-phosphate and glucose-1-phosphate and subsequently the recovery of glucose-6-phosphate. This series of reactions, i.e., the metabolism of glucose via glycogen, is referred to as the glycogen shunt ). The energy yield via glycolysis using glycogen rather than glucose to initiate the sequence of reactions might seem to be increased by 50% (from 2 mol ATP to 3) but, as obvious from the laws of thermodynamics, storage of glucose in form of glycogen and subsequent recovery of glucose is not energy neutral. Since glucose entering the cell is phosphorylated by hexokinase as the first step of glycolysis as well as glycogenesis, it is useful to calculate the overall energy yield starting from glucose-6-phosphate: degradation of one mol glucose-6-phosphate to pyruvate via glycolysis yields three mol ATP. However, since glycogen synthesis costs one ATP-equivalent (in form of UTP) per glucose-6-phosphate, the overall energy yield for glycolysis of glycogen-derived glucose-6-phosphate is only two ATP per mol. If viewed only in light of short-term energy gain, this might seem like a waste of energy. However, it amounts to a clear benefit for long-term stability of the cellular energy state, considering that glycogen is the only available storage form of glucose, which is not only the fastest ATP source but also the only cytosolic one. Thus, glycogen synthesis would probably be better described as a luxury that is affordable in times of ample energy supply. A luxury that cells like neurons, which are in constantly high energy demand, cannot provide for themselves, hence their predominant lack of glycogen.
It is of considerable interest to be able to investigate the functional role of the glycogen shunt. In order to do so, specific pharmacological tools are required and inhibition of GP has turned out to constitute an important avenue in this respect. Nevertheless, it should be emphasized that the synthesis and degradation of individual glycogen granules must be separated temporally and/or spatially due to opposite regulation of GS and GP by reversible phosphorylation as well as the presence of allosteric modulators in the microenvironment encircling the glycogen granule (see Sections "Regulation of Glycogen Phosphorylase," "Regulation of Glycogen Synthase," and "Glycogen Metabolism at the Subcellular Level"). The terms "glycogen shunt" as well as the more vaguely defined, although commonly employed, "glycogen turnover" have been used to describe aspects of glycogen metabolism at the general level of the cell culture or tissue being investigated. As will be discussed in Section "Glycogen Metabolism at the Subcellular Level," the depiction at the subcellular level should also be considered.
STRUCTURE AND SIZE OF THE GLYCOGEN MOLECULE
According to the widely accepted Whelan model (Gunja-Smith et al., 1970) , glycogen is a spherical polymer of glucose arranged in concentric tiers consisting of the branched B-chains and the un-branched A-chains comprising the inner layers and the outermost layer, respectively. The fully synthesized glycogen molecule is normally referred to as β-glycogen. In the end, each glycogen granule is confined to 12 tiers because of the glucose density of the outermost tier which causes steric hindrance in the interaction between the metabolizing enzymes and the glycogen granule (Melendez-Hevia et al., 1993) . Considering the structure of the glycogen molecule there is a clear correlation to its role as a highly efficient energy store: by way of design, evolution has rendered glycogen optimal for storing the largest amount of glucose in the smallest possible volume with minimum effect on osmolarity. Furthermore, the greatest attainable number of non-reducing ends is made available for GP before a branch point thereby enabling maximal speed of glucose release (Melendez-Hevia et al., 1993) .
Using electron microscopy, glycogen in the central nervous system (CNS) has been visualized as electron dense granules of 10-40 nm diameter (Cataldo and Broadwell, 1986; Wender et al., 2000) . This is in accordance with values obtained from resting muscle of 10-44 nm with a mean of 25 nm (Marchand et al., 2002 and references therein) . It has been estimated that each tier of a glycogen molecule adds 3.8 nm to the diameter (Goldsmith et al., 1982) , which means that the average glycogen molecule would contain between 7 and 8 tiers, i.e., the average glycogen molecule is not fully synthesized β-glycogen. This is somewhat surprising since the glucose content of each additional layer is doubled compared to the previous, which means that the majority of the storage capacity of glycogen is not utilized in an average particle. Assuming a maximal size of 55,000 glycosyl units arranged into 12 tiers and that 34.6% of the glycosyl units in a glycogen molecule are contained in the outermost tier (MelendezHevia et al., 1993) , an 8 tier molecule contains approximately 10,000 glycosyl units which is less than 20% of a fully synthesized molecule (Graham et al., 2010) . However, if the amount of glucose normally contained in glycogen in a given cell would gather into fully synthesized β-glycogen, a concomitant reduction in the number of granules to less than 20% of the normal would ensue thereby putatively disrupting subcellular glycogen availability. The mechanisms behind molecular size restriction and the functional consequence of intermediate-sized glycogen granules compared to maximal-sized with regard to the regulation of glycogen metabolism is further discussed in Section "Restriction of Granule Size."
It is commonly cited that the four outermost tiers of β-glycogen, regularly referred to as macroglycogen, are the dynamic and thereby metabolically active part of the molecule (Lomako et al., 1991) , whereas the innermost 8 tiers, termed proglycogen, are merely a scaffold for the functional molecule (Elsner et al., 2002) . Since an average glycogen molecule is within the size of proglycogen, the larger part of glycogen in astrocytes and muscle should not be metabolized under normal circumstances, which is obviously not correct. Moreover, in muscle, the categorization of glycogen molecules into pro-and macroglycogen has been proven to be a non-functional definition, originally derived from their different solubility in acid (reviewed in Lomako et al., 2004) , since the size frequency distribution is normal as opposed to bimodal, rendering the existence of two sizewise distinct pools of glycogen unlikely (Marchand et al., 2002) .
REGULATION OF GLYCOGEN PHOSPHORYLASE
The rate limiting enzyme in the degradation of glycogen, GP, is converted from the less active GPb conformation, into the more active GPa, through phosphorylation catalyzed by phosphorylase kinase (Figure 1) . In muscle, phosphorylase kinase has been shown to be activated allosterically by calcium through binding to calmodulin, an integral subunit of this enzyme (Cohen et al., 1978) . In addition, phosphorylase kinase can be activated by protein kinase A (PKA) in response to increased cAMP concentrations. Although not strictly tissue specific, phosphorylase kinase Frontiers in Neuroenergetics www.frontiersin.org FIGURE 1 | Regulation of glycogen metabolism. The cAMP level is increased by adenylate cyclase and decreased by phosphodiesterase. Depending on the isoforms of these two enzymes, calcium can be either inhibiting or activating. An increased cAMP level leads to activation of protein kinase A, which in turn activates phosphorylase kinase. Phosphorylation by phosphorylase kinase, which requires calcium for activation, stimulates glycogen phosphorylase. Glycogen phosphorylase is also allosterically inhibited by ATP and activated by AMP, which accumulates during ATP depletion. Glycogen synthase is deactivated through phosphorylation by protein kinase A, phosphorylase kinase and glycogen synthase kinase 3. Glycogen synthase is activated by protein phosphatase 1, which inhibits phosphorylase kinase and glycogen phosphorylase. Glucose entering the cell is phosphorylated by hexokinase to glucose-6-phosphate and subsequently enters either glycolysis or the glycogen shunt, the latter constituting metabolism of glucose via glycogen. In glycogenesis one ATP equivalent in form of UTP is used by UDP-glucose pyrophosphorylase. Thus, glycogenolysis and subsequent glycolysis of glucose-6-phosphate entail a net gain of two ATP, whereas glycolysis of glucose-6-phosphate derived directly from glucose produces three ATP.
exists in muscle, liver, and brain isoforms (Proux et al., 1974) and the brain isoform seems to possess similar properties to the muscle isoform (reviewed in Psarra and Sotiroudis, 1996) . However, sequencing of cDNA has revealed an alternative mRNA splicing confined to the brain isoform, resulting in deletion of a major part of the cAMP-dependent phosphorylation site on the β-subunit (Harmann et al., 1991) . The functional importance of this deletion is still not clarified although it is in line with the lower importance of regulation via phosphorylation of the brain isoform of GP (see Section "Isoforms of Glycogen Phosphorylase"). Naturally, regulation of GP through reversible phosphorylation is not a straightforward canonical pathway but an interconnected network. The calcium level not only influences phosphorylase kinase directly but it can potentially also affect cAMP levels via regulation of adenylate cyclase (AC). Four of the nine transmembrane AC isoforms are sensitive to calcium: AC 1 and AC 8 are stimulated in a calmodulin dependent manner while AC 5 and AC 6 are inhibited directly by calcium. Moreover, some isoforms of phosphodiesterase are activated by calcium. Accordingly, depending on the cellular distribution of enzymatic isoforms calcium can affect both generation and degradation of cAMP thereby potentially modulating the phosphorylation cascade that activates GP. The inactivation of GP by dephosphorylation is catalyzed by phosphoprotein phosphatase 1 (PP1) which dephosphorylates both GP and phosphorylase kinase (reviewed by Cohen, 1989) .
In addition to reversible phosphorylation, GP is also highly regulated allosterically. The enzyme is activated by AMP and inhibited by ATP (Figure 1 ) and glucose-6-phosphate. The regulation of GP by the AMP/ATP ratio reflects the role of glycogen breakdown in providing fuel for the cell in times of local energy deprivation. As with all enzymes regulated by the AMP/ATP ratio, modulation by AMP is a more sensitive regulation, due to the low levels of this nucleotide. The cAMP concentration may also be directly linked to the AMP/ATP ratio: ATP is the substrate of ACs and while global cellular ATP concentrations (millimolar Frontiers in Neuroenergetics www.frontiersin.org levels) are far too high to play a regulatory role in AC activity, ATP microdomains surrounding AC could potentially reach micromolar levels close to the K m values of ACs. The two kinds of GP regulation can be viewed as reflecting temporal and spatial differences in energy demanding states: As opposed to the rising AMP concentration that is mainly a result of declining energy levels inside the cell, calcium and cAMP are second messengers triggered by signals from outside the cell, mediating in this case a future energy need as a consequence of cell activation. As an allosteric modulator AMP is a direct activator of GP, while the phosphorylation cascade consists of a sequence of reactions. Thus, in terms of reactions needed to stimulate glycogenolysis, decrease in AMP could be viewed as a fast route as opposed to a slower activation by the cAMP-triggered phosphorylation cascade.
ISOFORMS OF GLYCOGEN PHOSPHORYLASE
GP exists in different isoforms: the liver isoform, the muscle isoform, and the brain isoform. With the exception of liver-GP, expression of the isozymes is not strictly tissue specific: muscle-GP is expressed predominantly in skeletal muscle but also, in lower concentrations, in heart muscle and brain. While the highest concentration of brain-GP is found in astrocytes, it is also expressed in heart muscle and even at very low concentrations in skeletal muscle (Schmid et al., 2009 ). Additionally, brain-GP is the predominant isoform in fetal tissue and only during maturation expression of the liver and muscle isoforms starts. Tissue specific isozyme expression patterns in rat have been shown to stabilize at different time points depending on the organ, ranging from 19th day of gestation for heart muscle to post natal day 9 for brain (Sato et al., 1976; Richter et al., 1983) .
In vitro studies of the two isoforms expressed in astrocytes, brain-GP and muscle-GP, show differences in regulation: the muscle isoform seems to be strongly activated by phosphorylation and less so by AMP, while the brain isoform shows weak response to phosphorylation. Moreover, phosphorylated brain-GP is only fully activated in the presence of AMP. Binding of AMP to either muscle-GP or brain-GP increases the binding affinity for glycogen, although this K m change is only physiologically relevant in the brain due to the lower levels of glycogen found in brain compared to muscle. It has been speculated that these differences in regulation reflect the relative importance of extracellular and intracellular control of energy metabolism in different tissues (Crerar et al., 1995) .
REGULATION OF GLYCOGEN SYNTHASE
Glycogen degradation is held in balance with glycogen synthesis. The key enzyme for glycogenesis is GS, which catalyzes the transfer of a glucose residue from UDP-glucose to a glycogen chain. Analogous to GP, GS exists in three isoforms and it has been shown that muscle and brain GS (and also GP) share greater identity than either do with the corresponding liver isozymes (Newgard et al., 1988; Pellegri et al., 1996) .
REVERSIBLE PHOSPHORYLATION AND ALLOSTERIC REGULATION
Like GP, GS is regulated allosterically (mainly by glucose-6-phosphate) and by reversible phosphorylation, but contrary to GP the dephosphorylated form of GS constitutes the active state. The regulation of GS by covalent modifications is highly complex and consists of sequences of hierarchal phosphorylations on at least nine different sites catalyzed by a range of kinases including PKA, phosphorylase kinase and glycogen synthase kinase 3 (reviewed in Roach, 2002; Brown, 2004) . AMP-activated protein kinase (AMPK) has also been shown to directly phosphorylate GS in vitro (Carling and Hardie, 1989) . The relevance of this finding in the in vivo situation, at least in muscle, however, has been questioned (Roach, 2002) . Conversely, GS is activated by PP1 which is a key regulator of the balance between glycogenesis and glycogenolysis as it not only activates GS, but also deactivates GP and phosphorylase kinase.
REGULATION VIA SUBCELLULAR DISTRIBUTION
Changes in the subcellular distribution of GS are an additional regulatory mechanism that has been demonstrated in peripheral tissues. For instance, in cultured hepatocytes, GS reversibly translocates during a switch in metabolic state (e.g., high extracellular glucose) and accumulates at the cell periphery, presumably bound to the glycogen granule, in contrast to being evenly distributed in the cytosol (Garcia-Rocha et al., 2001) . Similarly, the targeting of GS in human muscle shifted from a glycogenenriched membrane fraction (i.e., subsarcolemmal and intermyofibrillar spaces) to the cytoskeleton (intramyofibrillar space) in response to decreasing glycogen levels (Nielsen et al., 2001) . Extending these findings, the subcellular location to which the translocation of GS is targeted in muscle has been shown to be dependent on the specific site(s) of phosphorylation on GS (Prats et al., 2009 ). Moreover, although less studied, GP, and laforin (a dual-specificity phosphatase known to be associated with the glycogen granule) have been reported to alter their intracellular distribution pattern in response to the metabolic status of the cell (reviewed in Graham et al., 2010) as well as glucokinase in hepatocytes (reviewed in Ferrer et al., 2003) . The question of whether other enzymes involved in glycogen metabolism demonstrate a similar translocation pattern is still unanswered. As an example, branching enzyme could exhibit a distribution pattern analogous to that of GS, since changing the relative ratio of the activity of these two enzymes could entail a different degree of branching and, thereby, a suboptimal structure of the glycogen molecule (Melendez-Hevia et al., 1993) . Nevertheless, whether translocation of GS and other enzymes translates into targeting to the glycogen granule at specific locations and, most importantly, if similar processes occur in the brain, remains to be confirmed experimentally. In essence, translocation of enzymes in response to alterations in energy status demonstrates that glycogen metabolism is highly dynamic and capable of adapting to both the immediate and long-term energy needs of the cell at the level of specific subcellular domains.
ROLE OF GLYCOGEN TARGETING PROTEINS IN THE REGULATION OF GLYCOGEN METABOLISM
It has been thoroughly established in muscle and liver that glycogen targeting proteins are an important factor in the regulation of glycogen metabolism. Glycogen-associated enzymes like GS, GP, PP1, or phosphorylase kinase either bind glycogen targeting Frontiers in Neuroenergetics www.frontiersin.org proteins or contain them in the form of regulatory subunits. However, the expression and particularly the function of glycogen targeting proteins in the brain have received very limited attention. Although it would be reasonable to assume that the physical interaction between glycogen and its associated proteins share features across tissues, only two of the described four types of PP1 regulating subunits, PPP1R5 (also commonly known as G M or R Gi ) and PPP1R6, have been shown to be widely distributed in human tissue, including the brain (Doherty et al., 1996; Armstrong et al., 1997) . The presence of the murine analog of PPP1R5, protein targeting glycogen, in cultured astrocytes from mice was established by Allaman et al. (2000) , who also demonstrated that the expression of protein targeting glycogen was induced by the neurotransmitters noradrenaline and vasoactive intestinal peptide. The cellular stress sensor AMPK is activated by a rising AMP/ATP ratio and phosphorylates a vast assortment of target proteins such as the glycogen targeting proteins, changing targeting of enzymes to glycogen and triggering a switch from glycogenesis to glycogenolysis. PP1 is targeted to GS by various glycogen-targeting regulatory subunits including protein targeting glycogen. Activity of protein targeting glycogen is downregulated by the laforin-malin complex, consisting of the dual-specificity phosphatase laforin and the E3-ubiquitin ligase malin. In this step, AMPK catalyzes the phosphorylation of protein targeting glycogen, thus accelerating its laforin/malin dependent ubiquitination and subsequent degradation. Furthermore, AMPK increases laforin-malin interaction (Vernia et al., 2009b) .
RESTRICTION OF GRANULE SIZE
The brain expresses at least two of the three glycogen targeting subunits of PP1 contained in muscle, and the average size and size frequency distribution of glycogen granules are comparable between the two tissues (Wender et al., 2000; Marchand et al., 2002) . Hence, it is reasonable to draw parallels from the well-studied muscle to the brain regarding the mechanisms behind restriction of the molecular size as well as the functional consequence of this restriction. When replenishing muscle glycogen both in vitro and in vivo new glycogen molecules are preferentially synthesized initially and only subsequently an increase in the mean diameter of the granules is observed (Elsner et al., 2002; Marchand et al., 2007) . Since a given number of glucose molecules incorporated into glycogen would yield addition of an identical number of nonreducing ends whether the synthesis of new small molecules or big molecules were prioritized, no advantage with regard to the maximal achievable rate of synthesis and degradation would be obtained in either case assuming that this rate is independent of the granule size. However, Marchand et al. (2007) observe that there is an inverse correlation between the diameter of the glycogen molecule and the rate of net synthesis in muscle recovering from prolonged exercise. The authors speculate that this could be due to deterioration of the interactions between glycogen and its associated proteins when the surface area and density of the outermost tier of the molecule is amplified, although no specific mechanisms are discussed. If this is the case, the preferential synthesis of smaller molecules would entail an elevated rate of synthesis initially and, hence, that the rate of replenishment should correlate to the degree of depletion of the glycogen stores. The slower rate of synthesis of larger glycogen molecules also correlates well with the earlier finding by the same group: even during resting conditions the mean diameter of the glycogen molecules rarely reach the maximal attainable size (Marchand et al., 2002) . Whether glycogen degradation is also detained by increasing granule size was not investigated. Graham et al. (2010) suggested that once the glycogen granule has grown to an intermediate size, the interactions and regulation would begin to favor GP over GS activation, although the mechanism remains unclear. However, this suggestion is in line with the thought that increased surface area combined with altered glucose density in the "working area" of the enzymes could modify the protein interactions at the surface of the glycogen molecule and thereby reduce granule growth. On the other hand, restriction of granule growth could also be conducted through alterations in the glycogen-surface protein interactions unrelated to changes in the molecular size. For instance, Worby et al. (2008) presented evidence that malin ubiquitinates protein targeting glycogen in a laforin-dependent manner which marks protein targeting glycogen for proteasome-dependent degradation thereby halting glycogen synthesis, and hence, putatively confining the size of the glycogen molecule.
SPECULATIVE DELINEATION OF PROTEIN-POLYMER INTERACTIONS DURING GLYCOGEN METABOLISM
Targeting the enzymes of glycogen metabolism to the granule as a whole would not be very useful, since they can only act at the end of a glycogen chain, so binding somewhere in the middle would be quite useless. There is, however, an example of a similar biological situation that has been described and researched for the last 40 years: DNA binding proteins like DNA-polymerase or transcriptional repressors have to find their specific binding site on a long DNA strand. In 1970 it was discovered that the association rate for these proteins and their specific binding sites are surprisingly high, which could not be explained by standard kinetic models (Riggs et al., 1970) . A few years before this discovery, Adam and Delbrück (1968) had developed an idea that might explain enhancement of reaction rates in biological systems: In their model reduction in dimensions of diffusion from three dimensions in solution, to two dimensions in membranes and finally one dimension along a polymer chain would dramatically increase the speed of reactions. To greatly simplify the idea, one can imagine that the reduction of dimensions limits the possible directions in which a molecule can move, while leaving the force behind the movement the same, thus increasing the chances that the molecule will move in the "right direction" to encounter its reaction partner (for detailed explanation and calculations see Richter and Eigen, 1974) . This would increase reaction rates of diffusion-controlled processes immensely and provide an attractive explanation for too high association rates of DNA binding proteins: instead of having to find their specific binding sites by three-dimensional diffusion, the proteins are thought to unspecifically bind a DNA strand and then "slide along" the strand until they arrive at their specific binding place. Evidence for this idea has accumulated over many years through careful study of reaction rates and recently several groups Frontiers in Neuroenergetics www.frontiersin.org have managed to visualize one-dimensional diffusion along DNA strands (reviewed in Gorman and Greene, 2008) . DNA binding proteins sliding along strands could be a model for kinetics at the glycogen granule: enzymes are targeted to a glucose chain and by one-dimensional diffusion move along the chain until they reach the non-reducing end. This would greatly enhance the efficiency of the targeting process and accelerate glycogen metabolism by diminishing diffusion as a rate limiting factor.
Although equating DNA and glycogen binding proteins is highly intriguing, it also provokes critical questions and exposes our lacking knowledge of the dynamic polymer-protein and protein-protein interactions crucial for processes occurring at the non-reducing ends at the surface of the glycogen granule. For instance; is it possible that an approximately 200 kD protein as GP, possibly attached to one or more associated proteins, can slide on a glucose chain that might be severely sterically hindered? If not, where are the enzymes attached while synthesizing or degrading glycogen and how does this affect the kinetics of glycogen metabolism? Or, do the interactions of protein targeting glycogen/GS/GP etc., with glycogen change when the chains are elongated and shortened-or even branched and debranched? Despite an emerging body of studies identifying glycogen targeting proteins, glycogen-associated enzymes and their interactions, the answers to these and related questions are still largely unknown.
ROLE OF cAMP AND CALCIUM IN REGULATING BRAIN GLYCOGENOLYSIS
In muscle, calcium released from the endoplasmic reticulum constitutes the initial coupling between contraction and glycogenolysis. This is in contrast to the noradrenaline-induced activation of PKA and thereby phosphorylase kinase via cAMP which is triggered later in a bout of exercise. In liver, though, cAMP is prevailing in the covalent regulation of glycogenolysis (Brown, 2004; Greenberg et al., 2006) . In the brain, allosteric activation by AMP appears to be predominant in the regulation of brain-GP whereas muscle-GP is more susceptible to reversible phosphorylation. However, the relative importance of allosteric versus reversible phosphorylation and calcium mediated versus cAMP induced glycogenolysis as well as the functional significance of this regulation in the brain is still rather elusive. The second messenger pathways involved in the glycogenolytic response to noradrenaline is probably one of the most studied in brain and might present an indication of the relative importance of calcium and cAMP in this process.
Two decades ago Subbarao and Hertz (1990) dissected the glycogenolytic response to noradrenaline in cultured murine astrocytes. It was concluded that glycogenolysis was mediated through the concerted actions of β-and α 2 -adrenergic receptors, while stimulating the α 1 -receptor had no effect. Interestingly, when blocking the response to noradrenaline with subtype selective antagonists, the glycogenolytic effect of β-and α 2 -adreneric receptors appeared at least additive, suggesting that both cAMP and calcium, although not through the α 1 -receptor, could be involved in regulating glycogen degradation in the brain. This, however, was not significant when attempting to selectively stimulate β-and α 2 -receptors alone and in combination, which might be due to the fact that the employed α 2 -agonist clonidine is only a partial agonist (see for instance Limon-Boulez et al., 2001) . Using mouse cortical slices, Ververken et al. (1982) also found that glycogenolysis induced by noradrenaline was elicited through stimulation of the cAMP-coupled β-receptor, although calcium played a crucial role since the removal of extracellular calcium abolished the response to noradrenaline. Moreover, they observed that the activity of GP increased faster than the concomitant cAMP rise when stimulating with noradrenaline, implying the additional involvement of another signaling pathway. That both β-and α 1 -receptor agonists stimulate glycogenolysis in cultured murine cortical astrocytes was shown by Sorg and Magistretti (1991) , at the same time corroborating and contradicting previous findings by Ververken et al. (1982) and Subbarao and Hertz (1990) . It should be noted though, that the discrepancies might be due to differences in the utilized cell culture systems/tissue preparation, since the response of glycogen metabolism to noradrenaline changes across development (days in vitro) and differ between species (O'Dowd et al., 1995) . Overall it seems that the involvement of the β-adrenergic receptor (and thereby cAMP) in the glycogenolytic response in astrocytes to noradrenaline is consistently being emphasized. Although the mechanism by which calcium elicits its role in this context is not unequivocally described, its involvement in glycogenolysis is obvious but the extent and relative importance compared to cAMP awaits further clarification.
We are not aware of any in vivo studies conducted to elucidate the relative influence of various regulatory pathways of glycogenolysis in the brain. However, the relative importance of allosteric activation versus phosphorylation in the insulininduced regulation of GS in muscle has recently been examined using an elegant approach: genetic modification of GS at a site crucial for interaction with glucose-6-phosphate was conducted in a mouse model rendering the enzyme insensitive to allosteric activation. This alteration resulted in a markedly reduced muscle glycogen level and an 80% decrease in muscle glycogen synthesis induced by insulin, clearly demonstrating the importance of allosteric activation in this pathway (Bouskila et al., 2010) . Similar studies dealing with brain isoforms of GS, GP and phosphorylase kinase would be of significant value in determining the relative significance of the outlined regulatory mechanisms for brain glycogen metabolism in vivo.
GLYCOGEN METABOLISM AT THE SUBCELLULAR LEVEL
The involvement and importance of brain glycogen as a source of energy and as precursor for neurotransmitters in physiological processes (e.g., synaptic activity and memory formation) has been investigated during the last decade (see for instance Gibbs et al., 2006 Gibbs et al., , 2007 Suzuki et al., 2011; Sickmann et al., 2012 and Sections "Energy Substrates Supporting Synaptic Activity" and "Glycogen may be Used to Maintain Glutamatergic Neurotransmission"). Although emphasis has been put on elucidating the mechanisms behind these associations, the subcellular localization of involved pathways has largely been ignored. However, and as outlined above, the regulation of glycogen metabolism is a complex interplay between a vast array of enzymes, their modulators, and Frontiers in Neuroenergetics www.frontiersin.org associated proteins, so that the spatiotemporal localization of these and the glycogen granules most likely plays a crucial role. To our knowledge the existence of glycogen microdomains in astrocytes has not been shown directly, although indirect evidence has accumulated over the past decades. For instance, in the aforementioned experiments with noradrenaline in cultured astrocytes (Subbarao and Hertz, 1990) , the maximal effect of stimulating either β-or α 2 -adreneric receptors alone or using noradrenaline was only 30-60% glycogen degradation, signifying the presence of at least two pools of glycogen; one that is sensitive to noradrenergic stimulation and one that is not. While this could also be a result of agonist-induced receptor desensitization, an in vivo study in rats showed that depletion of noradrenalin decreases the glycogenolytic response to extreme energy demand (Harik et al., 1982) . In addition to this, the intermolecular mechanisms of glycogen metabolism have been examined in a range of glycogen-containing tissues, including brain Hers, 1979, 1980a,b; Chee et al., 1983; Brainard et al., 1989; Calder and Geddes, 1992; Elsner et al., 2002) . In brief, these studies have examined whether glycogen granules at the level of a tissue or cell culture are metabolized simultaneously (in phase) or sequentially (out of phase). Collectively they support the existence of glycogen microdomains, since they provide evidence that a sequential component is involved in glycogen synthesis and degradation, i.e., glycogen molecules are not metabolized as one pool, but rather as several pools, possibly even one for each glycogen granule.
Prerequisite for the existence of glycogen microdomains is of course compartmentation of the regulatory pathways controlling glycogen metabolism. In this regard, close localization of glycogen and its associated enzymes creates a distinct regulatory advantage: as explained in Sections "Regulation of Glycogen Phosphorylase" and "Regulation of Glycogen Synthase" the balance of glycogenesis and glycogenolysis is achieved to a large extent by having the same signals activating one pathway while deactivating the other. Naturally, this can only work when the signal has access to the key-enzymes of both cascades at the same time. Considering the ubiquitous nature of the signaling molecules involved in regulating glycogen metabolism, a need for generation of specificity through formation of spatial microdomains is obvious. For one of the second messengers involved this has already been demonstrated: A-kinase anchoring proteins (AKAPs) are scaffolding proteins sequestering ACs, AC activators, phosphodiesterases, PKA, downstream targets of PKA, and other proteins. Due to this compartmentation, rises in the cAMP concentration are fast, short-term and spatially restricted. Moreover, by bringing targets of PKA close to cAMP generation, AKAPs generate specificity of a very unspecific signaling pathway: instead of activating a vast array of cellular targets, PKA is limited in its interaction partners (reviewed by Carnegie et al., 2009 ). Furthermore, it has been established that calcium, another modulator of glycogen metabolism, can reside together with cAMP in one microdomain (Willoughby et al., 2010) . Therefore, compartmentation facilitated by AKAPs and glycogen targeting proteins can be viewed as restricting signaling spatially and temporally and thus creating putative regulatory microdomains of glycogen metabolism.
In muscle, functionally distinct subcellular domains of glycogen have already been described and quantified in human biopsies by employing electron transmission microscopy (Marchand et al., 2002 (Marchand et al., , 2007 Nielsen et al., 2010) . Furthermore, and most interestingly, a correlation between the amount of glycogen situated within the myofibrillar space (as opposed to the glycogen pools in between the tightly packed myofibrils and in the subsarcolemmal space) and the release rate of calcium from the sarcoplasmatic reticulum has been established (Ortenblad et al., 2011) . The observed functional correlation is probably due to the existence of a strong binding between glycogen with associated proteins and the sarcoplasmatic reticulum membrane. This association is highly dynamic, varying with the metabolic status of the muscle cell (reviewed in Ortenblad et al., 2011) . The existence of a coupling between glycogen availability in a spatially confined domain and fundamental functionality of a tissue (here sarcoplasmatic reticulum function and thereby contraction of the muscle) underlines the importance of having readily accessible glycogen in the correct subcellular compartment. Although muscle and brain cannot be compared directly, the great spatiotemporal heterogeneity of the brain combined with a constant energy demand and the need for mechanisms to ensure the right amount of energy at the right place and time render it highly likely that similar correlations may also play an important role in normal brain function.
In this context it is worth considering the actual meaning as well as importance of examining adherence to the so-called last-in-first-out principle, i.e., if the glucose unit that was incorporated into the glycogen molecule most recently is also the first one to be liberated upon degradation (see for instance Elsner et al., 2002) . Imagine that stimuli A and B induce glycogenesis and glycogenolysis, respectively. If A and B have their primary effects within the same subcellular location, one might observe obedience to the last-in-first-out principle, although this would also depend on the intermolecular mechanisms of glycogen metabolism. On the other hand, if A and B stimulate glycogen synthesis and degradation at two distinct subcellular sites, a different conclusion might be reached. Since regulation of the rate of synthesis of the individual glycogen molecule is based on the size of the granule (as discussed in Section "Restriction of Granule Size"), and the size of each granule in turn depends on the relative ratio of glycogenic and glycogenolytic stimuli within a subcellular domain, we here hypothesized that glycogen molecules within a distinct subcellular location are synthesized or degraded simultaneously (in phase). Although depending on the utilized stimuli, this would result in glycogen synthesis and/or degradation appearing to occur sequentially (out of phase) when observing at the overall level of for instance a cell culture, as has been described in brain and other glycogen containing tissues Hers, 1979, 1980a,b; Chee et al., 1983; Brainard et al., 1989; Calder and Geddes, 1992; Elsner et al., 2002) .
GLYCOGEN PHOSPHORYLASE ISOFORMS IN HEREDITARY DISEASES
As discussed earlier, astrocytes not only express the brain isoform of GP but also the muscle isoform. Hereditary deficiencies in glycogen metabolism indicate that expression of two GP isozymes in astrocytes is more than just an issue of redundancy: McArdle's disease is a hereditary myopathy caused by a deficiency Frontiers in Neuroenergetics www.frontiersin.org in muscle-GP. The disease is characterized by painful exerciseinduced cramps and early fatigue as well as weakness after exercise (Lucia et al., 2008) . Patients show no symptoms connected to brain or heart, probably since these tissues also express brain-GP. However, if this double expression was purely redundant, mutations of brain-GP could be equally balanced out by the expression of muscle-GP. However, brain-GP is the only one of the three isoforms with no known loss-of-function mutations, indicating that deficiency in this enzyme would be lethal. The fact that brain-GP seems to be the isoform most important for survival is not necessarily connected to its function in the brain, since it is the predominant isoform in fetal tissues and deficiency would be lethal in early development simply because of lack of the other isozymes. Nevertheless, another disease points to a special role of brain-GP in the fully developed brain: Lafora disease is a neurodegenerative disease resulting in progressive myoclonus epilepsy and death (Ganesh et al., 2006) . Due to a defect in regulation of glycogen synthesis, insoluble polyglucans, so-called Lafora bodies, accumulate in neurons. Lafora disease is caused by mutations of laforin and malin, leading to inactivity or reduced activity of laforin/malin (Vernia et al., 2009a) . In neurons, which express GS but not GP, the laforin/malin complex catalyzes degradation of hyperphosphorylated GS, thus effectively preventing synthesis of glycogen under normal conditions. Deficiency in either laforin or malin leads to activation of neuronal GS, causing Lafora body accumulation and apoptosis (Vilchez et al., 2007) . Apart from neurons, Lafora bodies accumulate in heart, liver, muscle, and other tissues. In contrast to neurons these tissues do express glycogenolytic enzymes, yet they appear to be unable to degrade the polyglucans effectively. However, astrocytes, the only cell type expressing predominantly brain-GP, show no such accumulations, which could be due to a functional or regulatory difference in this isozyme. Since rising AMP concentrations activate AMPK, which in turn activates laforin/malin, this leads to degradation of protein targeting glycogen (Figure 2) . Lack of protein targeting glycogen causes inactive PP1, resulting in active GP and inactive GS. In addition to reducing GP inhibition by this pathway, AMP also directly activates GP. In Lafora disease, however, rising AMP levels could no longer affect PP1 via protein targeting glycogen, so that GS would be constantly active and GP inhibited. However, as explained in Section "Isoforms of Glycogen Phosphorylase," there are regulatory differences between muscle-GP and brain-GP: while muscle-GP is mostly activated by phosphorylation, brain-GP responds more strongly to allosteric activation by AMP. Therefore, increased activity of PP1 would affect muscle-GP greatly while brain-GP could still be activated by the rising AMP concentration. Thus, one could speculate that the expression pattern of GP isoforms is responsible for the lack of Lafora bodies in astrocytes compared to muscle and other tissues.
INHIBITORS OF GLYCOGEN PHOSPHORYLASE ISOFAGOMINE AND DAB
Metabolism of liver glycogen plays a major role in the homeostatic regulation of blood glucose and therefore, strategies aimed at developing treatments for diabetes have involved development of pharmacological tools to manipulate glycogen degradation in FIGURE 2 | Regulatory differences of GP isoforms as a possible explanation for Lafora body distribution. An increased AMP concentration leads to activation of AMP-activated protein kinase, which activates the laforin-malin complex, causing degradation of protein targeting glycogen. Since protein targeting glycogen is needed to activate protein phosphatase 1, which in turn would activate glycogen synthase and inhibit glycogen phosphorylase, this would lead to degradation of glycogen by glycogen phosphorylase. In addition, glycogen phosphorylase is allosterically activated by an increased AMP level, further shifting the balance in favor of glycogen breakdown. The main astrocytic isoform of glycogen phosphorylase (brain-GP) is activated mostly allosterically and less by phosphorylation, in contrast to the muscle isoform (muscle-GP). This regulatory difference could explain why lack of laforin/malin activity in Lafora disease leads to formation of Lafora bodies in muscle and other tissues, but not in astrocytes.
the liver. This led to the synthesis of isofagomine which turned out to be a potent inhibitor of liver GP (Lundgren et al., 1996) . Isofagomine was subsequently characterized as an inhibitor of GP in homogenates of cultured mouse cerebral cortical astrocytes as well as mouse brain and it was found to potently inhibit this enzyme with an IC 50 value of about 1 μM (Waagepetersen et al., 2000) . It was, however, observed that much higher concentrations of isofagomine were needed to completely inhibit glycogen degradation in intact astrocytes indicating poor passage of the astrocytic plasma membrane (Waagepetersen et al., 2000) . Unfortunately, isofagomine production was discontinued and as an alternative 1,4-dideoxy-1,4-imino-D-arabinitol (DAB) was characterized as an inhibitor of astrocytic GP (Walls et al., 2008) . This compound turned out to be somewhat difficult to use mainly due to poor membrane penetration. However, employing a preincubation period of 1 h, DAB at concentrations between 300 and 1000 μM inhibited GP almost completely and it was concluded Frontiers in Neuroenergetics www.frontiersin.org that this compound can be used to evaluate the glycogen shunt activity (Walls et al., 2008) .
CP-316,819
In addition to isofagomine and DAB another phosphorylase inhibitor CP-316,819 ([R-R * ,S * ]-5-chloro-N-[2-hydroxy-3-(methoxymethylamino)-3-oxo-1-(phenylmethyl)propyl]-1H-indole-2-carboxamide) has recently been utilized to investigate the functional role of brain glycogen Suh et al., 2007; Sickmann et al., 2009 Sickmann et al., , 2010 Sickmann et al., , 2012 . The interesting property of the CP compound is that in contrast to isofagomine and DAB, CP-316,819 only has an inhibitory effect on GP if glucose is present (Suh et al., 2007) . This means that if given to animals or cultured astrocytes under normo-glycemic conditions glycogen stores will be increased but if given under hypoglycemic conditions the lack of an inhibitory action on GP will allow the utilization of glycogen. In keeping with this, rats treated with CP-316,819 and subsequently exposed to hypoglycemia exhibited less neuronal damage than controls not receiving CP-316,819 (Suh et al., 2007) .
ROLE OF GLYCOGEN DURING HYPOGLYCEMIA AND ISCHEMIA
Hypoglycemia leads to a reduction of the supply of glucose to the brain but the flux of glucose from blood to brain is not zero. Moreover, it has been shown by Suda et al. (1990) that both synaptic activity and glucose utilization are reduced during hypoglycemia. Hence, it has been estimated that the glycogen store normally available in the brain would be able to support the energy metabolism for about one and a half hours during hypoglycemia (Gruetter, 2003) . During ischemia in which no oxidative metabolism takes place much less ATP can be generated by the concerted action of glycogenolysis and glycolysis (see Schousboe et al., 2010) and as a consequence the brain glycogen store will be depleted within a few minutes of ischemia (Lowry et al., 1964; Swanson et al., 1989) . Hence, glycogen in the brain should not be considered as a reserve for energy production but is more likely a dynamic molecule which may serve as an energy substrate under physiological conditions (Swanson, 1992; Swanson and Choi, 1993; Brown et al., 2005; Schousboe et al., 2007 Schousboe et al., , 2010 Hertz et al., 2007; Suzuki et al., 2011) . Recent studies utilizing the pharmacological tools discussed in Section "Inhibitors of Glycogen Phosphorylase" to manipulate glycogen metabolism have provided evidence that this may indeed be the case.
ENERGY SUBSTRATES SUPPORTING SYNAPTIC ACTIVITY
Although neurotransmission is mediated by a large number of neurotransmitters, the vast majority of synapses utilize either glutamate or GABA as the transmitter substance (Nichols, 1994) . In relation to energy metabolism it should be taken into account that the ratio between excitatory, glutamatergic neurons and the inhibitory, GABAergic neurons is close to nine (Attwell and Laughlin, 2001) . Therefore, it is likely that in terms of energy cost related to synaptic activity one needs to emphasize the cost of glutamatergic synaptic activity (Attwell and Laughlin, 2001) . Actually, analyzing the energy use related to neural activity in cerebellum Howarth et al. (2010) reached the conclusion that excitatory neurons utilize three times as much energy as inhibitory neurons. In this context it is important to realize that by far the majority of the energy expenditure is associated with the postsynaptic actions of glutamate and only a small fraction is directly related to glutamate recycling, i.e., release and cellular uptake (Attwell and Laughlin, 2001) . Nevertheless, it is important to understand how glycogen may play a role as an energy source during neurotransmission. Glycogen in astrocytes is degraded to pyruvate, which is partly used for oxidative metabolism and partly for lactate production . It has been demonstrated that astrocytes release lactate generated from glycogen in vitro (Dringen et al., 1993) and evidence has now been obtained that this may also be the case in vivo (Suzuki et al., 2011) . Therefore, astrocytes may provide neurons with lactate derived from glycogen and in order to adequately discuss glycogen as an energy source for neurotransmission, it may be pertinent to evaluate glucose and lactate as energy generating molecules in relation to glutamate release and uptake. Using cultured cerebellar granule cells as a model system for glutamatergic neurons, Bak et al. (2006) investigated the ability of glucose and lactate to sustain glutamatergic activity. Using 13 C-labeled glucose and lactate it was shown that lactate could be used as an energy substrate during resting conditions but during stimulation induced by repetitive exposure of the neurons to the glutamate receptor agonist N-methyl-D-aspartate (NMDA) in the presence of 15 mM K + to relieve the Mg 2+ block, glucose supported the additional energy demand (Figure 3) . Moreover, using threo-benzyloxyaspartate (TBOA) to block glutamate transporters it could be shown that glucose is an essential energy substrate to fuel the machinery for glutamate transport, i.e., the maintenance of an intact Na + -gradient across the plasma membrane (Figure 4) . On the basis of these experiments it appears that glucose is an important energy source for the maintenance of glutamatergic activity. In line with this, it was recently suggested, based on mathematical modeling of human data, that rapid glycogen mobilization in astrocytes reduces glucose uptake into astrocytes allowing more glucose to be taken up by neurons (DiNuzzo et al., 2010 (DiNuzzo et al., , 2011 . The neuronal preference for glucose during activation may also be important in light of the demonstration that glycolytically derived ATP by the enzymes glyceraldehyde 3-phosphate dehydrogenase/3-phosphoglycerate kinase and pyruvate kinase is essential for vesicular transport of glutamate (Ikemoto et al., 2003; Ishida et al., 2009) . It should be mentioned that other authors have suggested that lactate may be preferred over glucose as an energy substrate for neurons (Bouzier-Sore et al., 2003; Schurr, 2006; Pellerin and Magistretti, 2011; Suzuki et al., 2011) . Indeed, there is much controversy regarding the differential roles of glucose and brain-derived lactate as energy substrates for neurons and astrocytes; however, this is beyond the scope of this review and the reader is referred to recent reviews by Dienel (2011) and . In this context it should be mentioned that glycogen degradation does not exclusively yield glucose-1-phosphate: Since GP can only catalyze cleavage of α-1,4-linkages, it cannot degrade glycogen completely. GP degrades a glycogen branch until four glucose residues remain. Glycogen debranching enzyme catalyzes further digestion in two steps: first, three of the remaining residues are transferred onto a nearby
Frontiers in Neuroenergetics www.frontiersin.org FIGURE 3 | Glucose but not lactate supports synaptic activity. Cultured (glutamatergic) cerebellar neurons increase the utilization of glucose but not lactate during synaptic activity as evidenced by increased labeling in glutamate (expressed as percent molecular carbon labeling, MCL; see below) from 13 C-labeled glucose but not 13 C-labeled lactate when subjected to pulses of the glutamate receptor agonist NMDA (data from Bak et al., 2006) . Pulses of NMDA induce depolarization and pulsatile release of neurotransmitter glutamate in these cultures (Bak et al., 2003) . Thus, cultured neurons rely on oxidative metabolism of glucose but not lactate when engaged in neurotransmission activity. The experiments were performed by superfusing the cultured cerebellar neurons in the presence of either [U-13 C]glucose (2.5 mM; Glc in bold letters) and lactate (1 mM) or [U-13 C]lactate (1 mM; Lac in bold letters) and glucose (2.5 mM) and repetitive depolarization (black bars) was induced by pulses of NMDA (300 μM) plus potassium (15 mM). The data represents the molecular carbon labeling (MCL) in percent (see Bak et al., 2006 for a definition of MCL) of glutamate ± SD MCL (%) is a measure of labeling in the entire glutamate pool, e.g., a MCL of 20% means that 20% of all carbon atoms in the glutamate pool are 13 C. Thus, an increase in MCL of glutamate means that the labeled substrate was metabolized to pyruvate and further oxidized in the TCA cycle to a higher extent. Glucose is metabolized to pyruvate via glycolysis and lactate via the lactate dehydrogenase-catalyzed reaction. Glutamate reflects the labeling in the TCA cycle intermediates, since glutamate is labeled via its cognate keto acid α-ketoglutarate, an intermediate in the TCA cycle. For a thorough discussion of this, please see Bak et al. (2006) . Statistically significant differences between the control (gray bars) and those that were repetitively depolarized are indicated by asterisks and determined using an unpaired, two-tailed Student's t-test. * P < 0.05.
branch, where they are once again target for GP. In a second step debranching enzyme cleaves off the α-1,6-linked glucose residue at the branching point. Consequently, about one tenth of the glucose contained in glycogen is liberated as free glucose during glycogenolysis. Since glucose transporters are bidirectional, these glucose molecules could be released by the cell, unless they are phosphorylated by hexokinase. Thus, depending on localization of glycogen in relation to hexokinase, astrocytes would in theory be able to release glycogen-derived glucose for neuronal use.
GLYCOGEN MAY BE USED TO MAINTAIN GLUTAMATERGIC NEUROTRANSMISSION
It was suggested by Shulman et al. (2001) that activity of the glycogen shunt may be elevated during brain activation. The The results are averages ± SD. Statistically significant differences were calculated using One-Way ANOVA followed by a Tukey-Kramer post hoc test. * Significantly different from the other three conditions (P < 0.01).
availability of specific pharmacological agents to interfere with glycogen metabolism has provided the necessary tools to directly study the role of the glycogen shunt. As delineated by Walls et al. (2009) the glycogen shunt refers to the sequence of reactions allowing glucose to be incorporated into a glycogen molecule and subsequently be released from glycogen as glucose-1-phosphate which upon conversion to glucose-6-phosphate enters the glycolytic pathway. Thus, this is an alternative to the direct introduction of glucose into the glycolytic pathway via its conversion to glucose-6-phosphate. It is now evident from studies performed both in vitro and in vivo that several brain regions are dependent upon glycogen metabolism to support neurotransmission during physiological conditions. In vivo glycogen degradation was necessary for memory consolidation in young chickens and recently glycogen was shown to be crucial for long-term memory formation and for the maintenance of long-term potentiation of synaptic strength in living rats (Gibbs et al., 2006; Suzuki et al., 2011) . Moreover, it has Frontiers in Neuroenergetics www.frontiersin.org been shown that glycogen supports neuronal function in the optic nerve as well as in cerebral cortical and hippocampal slice preparations in the absence of other energy substrates (Swanson and Choi, 1993; Ransom and Fern, 1997; Wender et al., 2000; Brown et al., 2005; Suh et al., 2007; Suzuki et al., 2011) . The fact that inhibition of the monocarboxylate transporters (MCTs) abolishes the effect of glycogen suggests that lactate derived from glycogen is involved in the maintenance of neurotransmission. This aspect of astrocytic glycogen supporting neuronal signaling has recently been shown to include the cerebellar region. Using the GP inhibitor CP-316,819 we have shown that glycogen is needed for maintenance of a low extracellular glutamate concentration, i.e., the balance of release and uptake, both of which are energydemanding processes (Sickmann et al., 2009; Schousboe et al., 2010) . It should be noted that these experiments were performed in the presence of glucose, which appears to be preferred by neurons over lactate as an energy substrate during intense stimulation (Bak et al., 2006 (Bak et al., , 2009 . However, neurons do metabolize lactate to a significant extent although this is not correlated with neuronal activation (Bak et al., 2009 ). As delineated in Section "Regulation of Glycogen Phosphorylase", glycogen mobilization is mediated by activation of the degrading enzyme GP either via phosphorylation involving a series of intracellular reactions or via allosteric modulation governed by AMP. Since the predominant part of the energy consuming processes associated Astrocyte cultures were superfused with medium containing 2.5 mM of glucose in the absence (control; white bars) or presence of 100 μM norepinephrine (NE; blacks bar). The cultures were superfused for 15, 30, 45, or 60 min (n = 3-4) and during the last 15 min tracer amounts of 2-deoxy-[ 3 H]glucose (2DG) were added to the superfusion medium. The astrocytes were extracted with ethanol and the extent of 2DG uptake was determined by measuring radioactivity in cell extracts (counts per minute; CPM). The 2DG uptake reflects both glucose transport and subsequent metabolism. The presence of NE gave rise to an increase in 2DG uptake in all time periods compared to controls. No significant differences were observed between time periods within controls. However, in astrocytes exposed to NE, the 2DG uptake was significantly higher from 30 to 45 min compared to all other time periods during NE exposed conditions. * and # indicate statistically significant differences between control and NE exposed astrocytes, and amongst NE exposed astrocytes, respectively (One-Way ANOVA followed by Bonferroni post hoc test, P < 0.05).
with neurotransmission is confined to the neuronal compartment, involvement of glycogen in sustaining neuronal expenses requires a neuronal signal that can initiate glycogen degradation via cAMP and/or calcium and most likely a subsequent transfer of glycogen-derived lactate from astrocytes to neurons for oxidative metabolism to proceed. The fact that glycogen degradation is also regulated by an increase in AMP in the cellular microenvironment suggests that glycogen is used for energy production within astrocytes. The clearance of extracellular glutamate is partly mediated by sodium dependent high affinity transporters in the astrocytic membrane, which rely upon Na + /K + -ATPase activity for restoration of the intracellular Na + concentration. Thus, abruption of astrocytic energy metabolism may lead to impaired glutamate uptake or reversal of the transporter causing high extracellular glutamate concentrations affecting neurotransmission and possibly causing FIGURE 6 | Glycolysis and TCA cycle metabolism are augmented in cultured astrocytes exposed to norepinephrine. Cultured astrocytes were superfused for 60 min with medium containing 2.5 mM of [1,6-13 C]glucose in the absence (control; white bars) or presence of 100 μM norepinephrine (NE; black bars). The percent 13 C enrichment in lactate, reflecting glycolytic activity (A) and glutamate, reflecting TCA cycle metabolism of acetyl-coA derived from glucose (B) was monitored employing liquid chromatography-mass spectrometric (LC-MS) analyses. Statistically significant differences between controls and NE treated astrocytes were determined using an unpaired Student's T -test (P < 0.05) and are indicated by an asterisk ( * ). Data modified from Walls et al. (2009) .
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www.frontiersin.org excitotoxic neurodegeneration Schousboe et al., 2010 Schousboe et al., , 2011 . Hence, neuronal failure may be established as a consequence of impairments in astrocytic energy homeostasis suggesting that the energy generated by glycogen metabolism may not need to be transferred to the neuronal compartment in order to sustain neurotransmission. It has recently been investigated to what extent the glycogen shunt may be involved in generation of energy needed to sustain glutamate transport in astrocytes. Using DAB to inhibit GP, Sickmann et al. (2009) reported that even in the presence of glucose, inhibition of glycogen degradation caused a decrease in D-aspartate uptake. It thus appears that even under conditions where the energy production via glucose metabolism should be adequate an intact glycogen shunt is required for maintenance of optimal glutamate transport capacity. This conclusion was also reached on the basis of results obtained using a different experimental approach in which the capacity for glutamate uptake was indirectly monitored quantifying the amount of homoexchange of preloaded D-[ 3 H]aspartate induced with pulses of 1 mM D-aspartate during superfusion of astrocytes . Using this strategy, DAB in the presence of glucose reduced the capacity of the cells to re-accumulate released D-[ 3 H]aspartate during exposure to 1 mM D-aspartate.
The importance of glycogen shunt activity was confirmed in cultured astrocytes investigating the metabolism of [1,6-13 C] glucose in the absence and presence of the GP inhibitor DAB. Subsequent determination of 13 C labeling in lactate and glutamate, reflecting glycolysis and TCA cycle metabolism, respectively, demonstrated that under non-stimulated conditions inhibition of GP led to an enhanced glycolysis, i.e., a supercompensation analogous to that observed in the rat brain in vivo following sensory stimulation . Moreover, the supercompensation was even further enhanced when the metabolic demand was increased by exposure of the astrocytes to 250 μM D-aspartate to activate glutamate transporters and subsequent Na + /K + -ATPase activity .
Altogether, these results unequivocally show that the glycogen shunt is of critical importance for regulation of glucose metabolism in astrocytes, a conclusion, which was also reached by Hertz et al. (2007 Hertz et al. ( , 2010 using different approaches.
NORADRENALINE AFFECTS GLUCOSE METABOLISM VIA THE GLYCOGEN SHUNT
Noradrenaline has previously been shown to stimulate glycogen synthesis and degradation in cultured astrocytes by elevating intracellular cAMP and calcium levels (Subbarao and Hertz, 1990; Obel et al., 2012) . Using noradrenaline in combination with DAB to inhibit GP in primary cultures of astrocytes, Walls et al. (2009) could show that under such experimental condition 40% of the overall glucose metabolism proceeded through the glycogen shunt. In addition to its effects on glycogen metabolism noradrenaline has been demonstrated to increase glucose uptake (Hutchinson et al., 2007) and activity of the enzymes pyruvate dehydrogenase and α-ketoglutarate dehydrogenase leading to an increase in TCA cycle activity (Subbarao and Hertz, 1991; Chen and Hertz, 1999) . Here, we present new data demonstrating that astrocytic glucose metabolism is enhanced in primary cultured astrocytes exposed to noradrenaline. The cells were superfused (1 ml/min) with a medium containing 2.5 mM glucose in the absence or presence of noradrenaline (100 μM) for 15, 30, 45, or 60 min. Tracer amounts of 2-deoxy-[ 3 H]glucose were added for the last 15 min of each experiment. At the end of the superfusion period the cells were extracted with ethanol to allow determination of intracellular radioactivity representing both uptake and subsequent metabolism of glucose. Figure 5 shows that exposure to noradrenaline almost doubles glucose uptake and metabolism. In addition, glucose metabolism via glycolysis and the TCA cycle was investigated by superfusion of cultured astrocytes with medium containing [1,6-13 C]glucose (see Walls et al., 2009 for details) . Subsequent mass spectrometric analyses of the 13 C labeling in lactate and glutamate, reflecting glycolysis and TCA cycle metabolism, respectively, revealed that exposure to 100 μM noradrenaline increases metabolism via both of these pathways (Figures 6A,B) . The stimulatory effect of noradrenaline on [3-13 C]lactate synthesis from [1,6-13 C]glucose was observed prior to the effect on [4-13 C]glutamate production, demonstrating that the noradrenaline-induced stimulation of glycolysis happens faster than stimulation of pyruvate metabolism via pyruvate dehydrogenase and the TCA cycle.
CONCLUDING REMARKS
In this review recent evidence has been brought forward highlighting what has been an emerging understanding in the field of brain energy metabolism: that brain glycogen is more than just a convenient way for the astrocyte to store energy for use in emergencies-it is in fact a dynamic molecule with versatile implications in normal brain function. However, although further studies of the role of glycogen in various physiological processes of the brain will be of utmost importance, we here encourage a closer look into the molecular and subcellular mechanisms underlying glycogen metabolism. In this context, studies conducted in liver and muscle have proven to be a significant source of inspiration for mechanistic details and prospect experimental approaches.
